UVSTAR is an EUV spectral imager intended as a facility instrument devoted to solar system and stellar astronomy. It covers the wavelength range of 500 to 1250 A, with sufficient spectral resolution to separate atomic emission lines and to form spectrally resolved images of extended plasma sources. Targets include the lo plasma torus at Jupiter, hot stars, and planetary nebulae. UVSTAR will make useful measurements of emissions from the Earth's atmosphere as well. UVSTAR consists of a pair of telescopes and concave-grating spectrographs that cover the overlapping spectral ranges of 500-900 A and 850-1250 A. The telescopes use two 30 cm diameter off-axis paraboloids having a focal length of 1 .4 m. An image of the target is formed at the entrance slits of two concave grating spectrographs. The gratings provide dispersion and re-image the slits at the detectors, intensified CCDs. The readout format of the detectors can be chosen by computer, and three slit widths are selectable to adapt the instrument to specific tasks. The spectrograph package has internal gimbals which allow rotation of about each of two axes. Dedicated finding and tracking telescopes will acquire and track the target after rough pointing is achieved by orienting the Orbiter. Responsibilities for the implementation and utilization of UVSTAR are shared by groups in Italy and the U.S. UVSTAR is scheduled for flight in early 1994, timed for an opportunity to observe the Jovian system.
INTRODUCTION UVSTAR (UltraViolet Spectrograph Telescope for Astronomical Research) is a spectrographic telescope
for observations of astronomical and planetary sources; it operates in the 500-1250 A waveband at 1 A resolution. An important feature of the experiment is its capability for long slit spectral imaging of extended cosmic sources such as planets, planetary nebulae, supernova remnants, H II regions, and external galaxies. The experiment is an attached payload, and it will fly as a Hitchhiker-M payload on the Shuttle. U VS TA R can be made compatible with the ESA EURECA and Columbus programs as well. The experiment complement includes an independent companion instrument that will be provided by Darrell Judge (University of Southern California) to measure the absolute solar flux in selected extreme ultraviolet bands. The two experiments form the IEH (International EUV/FUV Hitchhiker) Mission. NASA has approved a first flight of IEH on STS-64 in early 1994 with a subsequent flight every 13 months for four years.
U VS TA R consists of a movable platform and an optical system. The platform will provide fine pointing (±5 arcsec) within 30 of the nominal view direction, which is near the Orbiter +Y axis, i.e. perpendicular to the long axis of the Orbiter and in the plane of the wings. The optical system consists of a set of two telescopes and Rowland concave-grating spectrographs with intensified CCD detectors. The first spectrographic telescope (FUV) operates in the 850-1250 A spectral range; the second (EUV) covers the 500-900 A region. The interest in spectroscopic observations in the segment of the ultraviolet spectrum below and just above the hydrogen photoelectric absorption edge at 912 A is presently higher than it has ever been among the astronomical community. This is evidenced by the many telescopes that are and will be operating in the near future: the Voyager UVS, ASTRO, EUVE, FUSE/Lyman, SUV and others.
A number of pointed observations will be made of calibration targets, planets, ultraviolet stellar sources and extended objects. The instrument will be capable of operating in a "serendipitous/target-of-opportunity" mode; in this mode targets can be acquired and tracked at most Shuttle attitudes. A variety of applications of UVSTAR to planetary and astronomy research are envisaged. Among the most important planetary targets is the lo plasma torus. The Voyager UVS discovered the presence of hot plasma (T s iO K) consisting of singly and doubly ionized sulphur and oxygen ions forming a complete toroidal cloud about Jupiter near b's orbit. The EUV and FUV measurements of torus emission are a crucial link in understanding the plasma torus physics. EUV and FUV spectroscopy will also contribute to our understanding of the structure and composition of the atmospheres of Jupiter and Venus, and of the morphogenesis of the coma and tail of a comet. For example, this last could be studied from the emission lines of both neutral molecules present in the coma and ionized molecules forming the ionic tail.
The astronomy research from UVSTAR will cover both galactic and extragalactic astronomy. In the FUV spectral region the scientific program is an outgrowth of the astronomy program which is currently being pursued with the ultraviolet spectrometers on Voyager 1 and 2. The Voyagers are providing low resolution (15 A) spectra of relatively faint sources, both stellar (cataclysmic variables, hot stars, etc.) and non-stellar (3C 273 and others) objects and are giving information on spectral energy distributions from hot stars, stellar winds, stellar variability, activity in binaries, FUV interstellar extinction, etc. With the enhanced sensitivity and increased spectral resolution of UVSTAR we will conduct a program of stellar research which will extend to fainter objects and include a greater variety than can be observed with the Voyager spectrometers. bn addition we will exploit the spectral imaging capabilities to study extended sources such as planetary nebulae, H lb regions, supernova remnants, star formation regions, and galaxies.
The EUV astronomy program will be fundamentally different from that at longer wavelengths because of the opacity of neutral hydrogen in the interstellar medium. bn general we will be able to observe only within a few tens of parsecs from the Sun; however, in those directions where the ISM has low density we will be able to go farther and possibly obtain a more detailed map of the patchiness of the local interstellar medium than is presently available. bn the next section we will describe some of the science objectives of UVSTAR for astronomy and solar system studies. bn Section 3 we describe the instrument and touch on flight operation procedures.
SCIENTIFIC OBJECTIVES 2.1 Overview
The research from UVSTAR will integrate the current, highly successful programs that are presently carried out from the International Ultraviolet Explorer (IUE) and from the Voyager 1 and 2 UV spectrometers. The IUE is sensitive only to wavelengths longer than about 1150 A; the Voyager UVS instruments are sensitive shortward of 1150 A but have low spectral resolution (15 A for point sources, s3O A for extended sources). The UV capabilities of the Hubble Space Telescope are also limited to wavelengths longer than about 1200 A. A minimum amount of data in the FUV (Iongward of 912 A) range of UVSTAR has been obtained in the early 1970's by the Copernicus satellite at 0.4 A resolution. ASTRO, which has recently flown on the Shuttle and was operative for a very limited period of time, covers a wavelength range similar to that of UVSTAR.
It will fly once more on the Shuttle for a short mission. As for future instruments, LYMAN and SUV will cover the range shortward of 1200 A but they will not fly before approximately 1998. Thus U VS TA R represents a medium-size project that will operate during several observing missions within the next few years and will provide a spectroscopic capability of approximately 1 A resolution in the 500-1250 A region.
The 912 to 1250 A band has many potential lines useful for plasma diagnostics, including C III In the following, we discuss several areas of research in which immediate results can be expected. We emphasize that these are only examples of the kinds of work that can be carried out, and are in no sense a complete list of research goals.
Solar system studies 2.2.1 b's plasma torus
Jo's plasma torus is a natural laboratory for investigations of plasma physics. It is our best-studied example of an astrophysical plasma, having been probed by both in-situ and remote sensing techniques. The full implication of early measurements revealing neutral sodium and ionized sulfur near Jo's orbit was not realized until the discovery, by the Voyager UVS, of an intense hot plasma (Te iO K), forming a complete toroidal cloud about Jupiter, near Jo's orbit. As a consequence of the high electron temperature, the dominant emissions from S II, S III, S IV, and 0 II are in the EUV and FUV spectral regions, the brightest feature being near 685 A. About 2x 1012 W is radiated in the EUV; this is the dominant mechanism for energy loss from the torus. Although ground-based studies of the visual wavelength torus emissions have added to our knowledge of this plasma, measurements in the EUV are a more direct method of studying processes in the torus. To date, studies of the plasma torus have demonstrated that
. measurement in the EUV spectral region is essential, . full spectral coverage in this region is required, and . extensive morphological studies, i.e: imaging of the whole system is necessary. The EUV spectrum is an exceedingly rich compendium of information from which the ion composition, density, and electron temperature of the plasma may be derived. Spectral and morphological studies bear directly on such fundamental questions as the energy and mass budgets of the torus. Azimuthal asymmetries in the EUV brightness of the torus relate not only to localized torus-magnetosphere interactions, such as an Jo-related brightness enhancement, but to large-scale magnetospheric phenomena involving plasma flow in Jupiter's magnetotail. The EUV and certain visible emissions have a component that varies with a period of 10" 15", about 3% longer than the rotation period of the region of the planet in which the main magnetic field arises (Sandel and Dessler 1988) . Certain radio emissions show the same periodicity. A new longitude system for Jupiter, called System IV, has recently been proposed to organize these phenomena. This system needs to be tested against additional data to assure its validity. UVSTAR will complement and extend observations of Jupiter and Jo's plasma torus made by the Galileo spacecraft orbiting around Jupiter. Galileo 's orbital geometry limits its opportunities for viewing the plasma torus with the UV instruments, and especially with the EUV spectrograph, which is most diagnostic of torus conditions. UVSTAR will provide observations of the Jupiter system at improved spectral resolution.
The imaging spectrographs will measure the intensity of several important emission lines of S II, S JJI, S JV, and 0 JJ as a function of position in the torus, measure the H2 band emissions of Jupiter's dayglow and aurora, and clarify the coupling of Jupiter's aurora and the torus. The H Lyo dayglow intensity will be correlated with the absolute solar flux measurements taken with the companion instrument of the University of Southern California. Spectral dispersion with simultaneous imaging makes the most efficient use of observing time and photon collecting ability. No photons within the bandpass of the instrument are wasted. These capabilities open the way for a far more thorough investigation of torus EUV morphology and dynamics than is possible with other existing or planned instrumentation. 
I
The spectrographs, when operating in the wide-slit configuration, form two-dimensional images of a target within the slit. Images at different emission lines are displaced in the dispersion direction. The spectral dispersion is great enough to separate monchromatic images of the torus in several wavelengths. Several of these will be strong enough to be analyzed as a snapshot of emission morphology. The spatial resolution over the disk of the planet (' 0.15 Rj) will separate polar and equatorial emissions of H and H2.
Figure la shows a representation of the spatial-spectral signature of the Jovian system that will be recorded by UVSTAR. The plasma torus has monochromatic emissions with intensities of 100 R; each image will cover 1600 pixels. Figure lb shows a typical monochromatic image of the torus, which can be analyzed as a snapshot of emission morphology. A time series of such images at several emission lines will be an important tool in understanding torus dynamics. The sensitivity of UVSTAR (as discussed in section 3) will be sufficient to provide statistically significant "snapshots" of the torus in the s 30-minute integration time available in a single orbit. A 30-minute integration of a l00-R monochromatic emission will record about 350 count pixel' in the EUV channel.
The full coverage in both space and wavelength afforded by UVSTAR will offer unusual flexibility in post-observation processing of the data for analysis. The investigator can choose to sum pixels in one or both dimensions, separate east and west ansas, or adopt another specialized processing procedure adapted to a particular investigation. Thus the same data set can be analyzed in different ways, each way optimum for a different study.
Jovian hydrogen emission
Calculation of H2 band emission at 5 A resolution produced by photoelectron excitation and by fluorescent scattering of sunlight show large difference in the spectra, suggesting that high resolution The lack of reliable solar data at the time of the Voyager encounter makes the problem more difficult. Although IUE operates at 7 A resolution and can detect 112 band emission from Jupiter, its sensitivity is too low to extract much useful information and emissions below 1200 A are not measured at all. With a resolution of s A, UVSTAR will resolve the vibrational structure and some of the rotational structure of the 112 band emissions. This information will settle the arguments about excitation mechanisms for Jovian dayglow and may also reveal new information about the physical state of the Jovian upper atmosphere. In addition to the 112 band emissions, UVSTAR will measure emissions in the H-Lyman Rydberg series. H Lya is the brightest feature in this series but we estimate that higher members of the series will have intensities on the order of tens of Rayleighs. Simultaneous measurement of many members of the Lyman series will place much tighter constraints on possible models of the H abundance than does measurement of H Lyc alone.
H2 band emissions from the disk of Jupiter fall mainly within the spectral range covered by the FUV channel. The medium-width slit permits imaging of the entire disk at a spectral resolution of about 4.5 A. With this slit, a brightness of 10 R A-' (a conservative estimate) and a 30-minute integration will yield about 40 counts in each spectral and spatial resolution element. Summation over spatial resolution elements, excluding the aurora, gives about 400 counts per spectral resolution element in the same integration time. Spatial resolution elements that include the aurora will have a signal level approximately 20 times higher. For H Lya, the count rate will be about 1 count sec1 pixel', or about 1800 counts per 30-mm integration. This corresponds to 2% statistical accuracy in each of the s 170 pixels over the planet.
Astronomy studies
Astronomical studies of targets outside the solar system are an important part of the mission of UVSTAR. About half of the observing time on orbit will be devoted to astronomy programs. These are sketched briefly in the introduction. Here we focus on the capabilities of UVSTAR for solar system research, and therefore we omit further details of the astronomical program.
INSTRUMENT DESCRIPTION
UVSTAR has two nearly identical spectrograph channels that cover overlapping wavelength ranges. Each channel consists of a telescope mirror and a concave-grating spectrograph with its own intensified CCD detector. The telescopes form images of the target at the entrance slits of the spectrographs. The concave gratings of the spectrographs both disperse and re-image the light from the target onto the 2-D detectors. As is typical of imaging spectrographs, spatial resolution along the slit is preserved, so that in the cross-dispersion direction the detector records many spectra corresponding to different parts of the source simultaneously. The optical design is driven by two factors, namely 1) at the EUV wavelengths of interest, only reflective optics can be used, and 2) refiectivities are poor, which requires minimizing the number of reflections if weak sources are to be detected in a short period of time. Dedicated imagers provide the information needed for active guiding of UVSTAR to cancel the effects of attitude control motions of the Orbiter. Figure 2 shows the major optical components and their mounting on the Hitchhiker platform, and Figure 3 shows details of the spectrograph design.
Telescopes
The telescope mirrors are off-axis paraboloids of 30 cm diameter and 1.4 m focal length. For maximum reflectivity, the mirrors will be coated with silicon carbide. To prevent defocussing due to temperature changes, the mirrors are constructed of Zerodur. They are joined to the spectrographs by rods of a carbon composite material that has a coefficient of thermal expansion along its length of nearly zero.
Slit selector
Each of the spectrographs is equipped with a mechanism for selecting among three entrance slits. All slits have the same length of 0.25° but differ in width. The slits widths and their uses are: 2) A medium slit (13 pixels, 39 arcsec). The width of this slit matches the diameter of Jupiter in the focal plane. This slit will give global images of the disk of Jupiter at the wavelengths of the most intense emissions. The resolution is 4.5 A.
3) A wide slit (33 pixels, 100 arcsec). This aperture will allow the whole image of the lo plasma torus to be dispersed into its major emissions and re-imaged with a resolution of 12 A.
Spectrographs
The optical design of the spectrographs is conceptually similar to that used for the Arizona Imager/Spectrograph (Broadfoot ci al., 1992) . Each spectrograph employs a single concave, holographicallyfabricated grating to disperse the radiation and focus it on the detector. The holographic fabrication technique can achieve aberration correction and a flat focal plane over an area of 8 mm in the cross-dispersion, and 15.4 mm in the dispersion directions. The 70 x 100 mm gratings have a radius of curvature of 275 mm.
U VS TA R Spectroqraphs Figure 3 : Detail of the spectrographs; the top panel shows the cross dispersion plane and the bottom panel shows the dispersion plane. The motor that drives the slit selector mechanism is not shown, but it is located near the ion pump. The EUV and FUV spectrographs are nearly identical.
To maintain good focus over a range of temperatures, the gratings will be fabricated on Zerodur blanks, which have a coefficient of thermal expansion near zero. The grating cell is mounted to permit small motions relative to the spectrograph housing. The position of the grating relative to the entrance slit and detector is established by invar rods that extend from the grating cell to fixed positions near the entrance slit and detector. The two spectrographs cover overlapping spectral ranges, 500-900 A and 850-1250 A. In each case the spectrum of about 400 A is dispersed along 1152 pixels, giving a dispersion of 0.3 A per pixel. The array is 298 pixels wide. In the image mode the spectral/spatial images are comprised of 2 x 1152 x 298 pixels, that is, nearly 7 x iO pixels or 1.4 x 106 bytes if each pixel is digitized to 16-bit accuracy. The read out format is controlled by computer so that it can be matched to the needs of a particular experiment.
Detectors
The intensified CCD (ICCD) detectors consist of standard proximity-focussed image intensifier tubes that are fiber-optically coupled to CCDs. They are similar to units successfully used in space in the Viking Aurora! Imager and Arizona Imager/Spectrograph investigations. Both image intensifiers are windowless.
Charge from photoevents is amplified by the microchannel plate and electrostatically accelerated to a phosphor screen on a fiberoptic window. The visible-wavelength image from the phosphor is transferred to the CCD by fiber optics for readout.
A special position of the slit changing mechanisms seals the spectrograph enclosures to protect the detectors and gratings from contamination. Each spectrograph is equipped with a small ion pump to assure a satisfactory vacuum environment for operating the windowless intensifiers on orbit.
Sensitivity
The ICCD detectors of UVSTAR are 2-d detectors with photon-counting capability. Thus the overall instrument performance is related to the rate at which photoevents are generated at the photocathode of the detector. For the imaging spectrographs, it is useful to compute the sensitivity for two kinds of source, namely a point source of continuum emission, and an extended source of monochromatic emission.
For a point source of continuum emission having a flux Z photons cm2 sec1 A1 , the response R is given by R = 4 A o e ps photoevent sec1 pixel' where A is the area of the telescope mirror, o is the reflective-dispersive efficiency of the grating, e is the quantum efficiency of the photocathode, ji is the reflective efficiency of the telescope, and s is the spectral dispersion in units of A pixel'.
For an extended source of monochromatic emission have a brightness of I Rayleighs, the response is given by 106 S = A ji -i--I counts pixeV1 sec1 where is the solid angle corresponding to the field of view of a single pixel. Expected values for these parameters are given in Table 1 . The values of R and S are computed for a source intensity of unity. 5.4 x iO * R has units counts pixel' sec1 per photon cm2 sec1 A t S has units counts pixe! sec per Rayleigh 3.6 Guiding UVSTAR includes capabilities for independent target acquisition and tracking. The spectrograph package has internal gimbals that allow angular movement of from the central position. Rotations about the azimuth axis (parallel to the Orbiter Z axis) and elevation axis (parallel to the Orbiter X axis) will actively position the field of view to center the target of interest in the fields of the spectrographs. Two dedicated visible imagers having different fields of view, and a quadrature diode, provide guiding information.
The imager having the wider field is called the finder. Its 60-mm focal length, f/1.4 optics gives a field of view of 6° x 8° . The other, is called the tracker, and is a 100-mm diameter cassegrain telescope with a focal length of 1.4 m and a field of view of 0.24° x 0.32°. Each of the two has its own ICCD detector, 384 x 288 pixel arrays used in the frame transfer mode. The tracker ICCD will have the same plate scale as the spectrographs.
Finding and tracking will be controlled by on-board software and hardware dedicated to processing the signals from the guiders. The finder will begin by tracking the target through an Orbiter limit cycle to establish the rate of change of the tracking angles and their endpoints. We anticipate using a limit cycle of about Once this information is established and the target is in the center of the finder, control will be transferred to the tracker. Information from the tracker will be updated at intervals of 1 sec. If the target is drifting off-center, the stepping rate will be changed to re-center it. Because the CPU can anticipate a turnaround in limit cycle motions based on past performance, data collection can be terminated until the reverse rate has been established and good tracking lock has been achieved. If the one-second reach of the CCD tracker cannot maintain satisfactory tracking, control can be transferred to the quadrature diode for closed-loop operation.
7 Communications
Communications with UVSTAR will include a 1200 baud uplink channel for commanding, and two medium rate channels for downlink. The data rate of a medium-rate channel, 250 kbits sec1 or 30 kilobytes sec1 will allow downlink of about one full frame per minute. On-board data compression and selective imaging will increase the effective rate to give some contigency. An on-board optical disk will record data during times when the medium rate communications channel is not available. These recorded data will be transmitted through the second medium rate port, in parallel with real-time data, when the downlink is again available.
Electronics
The power supplies and control electronics for UVSTAR are divided into six functional units and mounted the side of the Hitchhiker bridge. These units include the low voltage power supply, separate high voltage supplies for the intensifiers and ion pumps, the motor drivers, the optical disk, and the instrument control unit (ICU).
The heart of the ICU is an 80C88 single-board computer with a custom BIOS in fuse-link ROM. An additional 288 kbytes of PROM and 96 kbytes of capacitor-backed RAM is provided for programs and status information. Other boards within the ICU monitor engineering data, handle communications with the optical disk and the telemetry stream, control the motors that position the telescopes, and control the readout of the detectors. Image data is stored in a 1 Mbyte block of static RAM. The computations required for guiding are performed by a dedicated single-board computer based on a 68020 microprocessor. It has its own image and program storage space.
Flight operations
For a primary pointed objective, the orbiter will point the U VS TA R axis within 0.50 of the target. The finding telescope will locate the target and move the instrument axis to the target. Control will be transferred to the tracker telescope. The instrument axis will be held on t irget to arcsec by a digital feedback system for one-third of an orbit, 30 minutes.
At any time the UVSTAR is pointed toward the hemisphere outward from the Earth and the Orbiter is on celestial lock, it is likely that a source of interest for UV astronomy will be within the pointing range. Targets of opportunity that will have been defined in advance will be acquired and observed.
In any orbiter attitude and orbit position we will be able to make significant measurements on the Earth's atmospheric emission in the EUV wavelengths. Good measurements of emissions from the Earth's ionosphere and plasmasphere will be acquired with the UVSTAR. As an adjunct to emission spectroscopy, stellar occultations offer the opportunity for study of the atmosphere of Earth as well.
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